The occlusion-derived viruses (ODVs) of baculoviruses are responsible for oral infection of insect hosts, whereas budded viruses (BVs) are responsible for systemic infection within the host. The ODV membrane proteins play crucial roles in mediating virus entry into midgut epithelium cells to initiate infection and are important factors in host-range determination. For Autographa californica multiple nucleopolyhedrovirus (AcMNPV), seven conserved ODV membrane proteins have been shown to be essential for oral infectivity and are called per os infectivity factors (PIFs). Information on the function of the individual PIF proteins in virus entry is limited, partly due to the lack of a good in vitro system for monitoring ODV entry. Here, we constructed a baculovirus with EGFP fused to the nucleocapsid to monitor virus entry into primary midgut epithelium cells ex vivo using confocal fluorescence microscopy. The EGFP-labelled virus showed similar BV virulence and ODV infectivity as WT virus. The ability to bind and enter host cells was then visualized for WT AcMNPV and viruses with mutations in P74 (PIF0), PIF1 or PIF2, showing that P74 is required for ODV binding, whilst PIF1 and PIF2 play important roles in the entry of ODV after binding to midgut cells. This is the first live imaging of ODV entry into midgut cells and complements the genetic and biochemical evidence for the role of PIFs in the oral infection process.
INTRODUCTION
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is a dsDNA virus belonging to the genus Alphabaculovirus (Jehle et al., 2006) . During the replication cycle of AcMNPV, two viral phenotypes are produced: budded virus (BV) and occlusion-derived virus (ODV). These phenotypes have the same nucleocapsid structure (although ODVs often have more than one nucleocapsid per virion) but display different envelope compositions (Braunagel & Summers, 1994) . BVs mediate the systemic spread of infection inside the insect larvae. ODVs are embedded in a paracrystalline protein matrix to form occlusion bodies (OBs), which mediate the horizontal transmission of the virus between insect larvae (reviewed by Slack & Arif, 2007) .
Infection starts when insects ingest food contaminated with OBs. The OBs pass through the foregut and enter the alkaline environment (pH 8.7-11) of the midgut lumen (Horton & Burand, 1993) . The alkaline environment causes the dissolution of OBs, releasing the ODVs. These ODVs then pass the peritrophic membrane and reach the brush border of midgut epithelial cells, where primary infection occurs. The midgut epithelium is a monolayer of polarized tissue with the apical surface adjacent to the gut lumen and the basal side bordering the haemocoel (reviewed by Passarelli, 2011) . The epithelium is composed of three types of cells: columnar cells with a thick brush border of microvilli involved in the absorption and metabolism of nutrients, goblet cells that secrete mucous for ion regulating of the alkaline environment of the midgut, and stem cells that differentiate into mature columnar and goblet cells (Hakim et al., 2009; Ohkawa et al., 2010) .
ODVs probably bind to as-yet-unidentified receptors on the columnar cells and initiate fusion of the ODV envelope with the membrane of the microvilli (Derksen & Granados, 1988) . The nucleocapsids then translocate to the nucleus, probably with the help of F-actin, as shown for BV nucleocapsids (Ohkawa et al., 2010) . In the nucleus, the viral DNA replicates in so-called virogenic stroma and new nucleocapsids are assembled that are transported to the basal site of the columnar cell, again involving actin (Marek et al., 2011) . Here, BVs are produced to initiate secondary infections in other larval tissues.
The BV infection mechanism has been well documented in recent years (Wang et al., 2010 Zhang et al., 2004) , but the study of primary midgut infection is hampered by the lack of a good in vitro system that supports ODV infection. The composition of the ODV envelope is complex with more than ten identified membrane proteins, which are assumed to play important roles in mediating virus entry (Sparks et al., 2011; Tao et al., 2013; Wei et al., 2014) . Seven AcMNPV ODV membrane proteins have been shown to be essential for oral infectivity and have been named per os infectivity factors (PIFs), i.e. P74 (PIF0) (Faulkner et al., 1997) , Ac119 (PIF1) (Kikhno et al., 2002) , Ac22 (PIF2) (Pijlman et al., 2003) , Ac115 (PIF3) (Ohkawa et al., 2005) , Ac96 (PIF4) (Fang et al., 2009) , Ac148 (PIF5) (Sparks et al., 2011) and Ac68 (PIF6) (Nie et al., 2012) . Deletion of any one of these PIFs aborts oral infection, whilst cell-to-cell infection through BVs remains intact, indicating that these PIFs mediate early events in ODV infection, for instance ODV binding and fusion to midgut cells. As was shown by fluorescence dequenching assays, deletion of P74, PIF1 or PIF2, but not PIF3, decreased the binding and fusion ability of ODVs to 30 %, indicating that P74, PIF1 and PIF2 play a role in binding and fusion (Haas-Stapleton et al., 2004; Ohkawa et al., 2005) . More recent research showed that PIF1, PIF2 and PIF3 form a complex, which is not formed when any of the corresponding genes is absent (Peng et al., 2010) . P74 is also associated with this PIF complex but is not required for complex formation. Later, it was also found that PIF4, and possibly also PIF6, are part of the PIF complex, whilst PIF5 is not (Peng et al., 2012) . It is likely that the PIFs associated with the complex work in concert to achieve virus entry. The fact that deletion of some of these genes affects complex formation is important to take into account when analysing PIF mutants. If there is no PIF1 protein, for instance, there is no complex, and the function of all associated proteins may be disturbed.
Information on the role of PIFs in the oral infection process is derived mostly from biochemical and genetic analyses, but visualization in vivo is an essential complement to make a near-reality assessment. To analyse the ODV infection process in more detail, we constructed an EGFP-displaying virus by fusing EGFP N-terminally to the major capsid protein, VP39. The fluorescent virions produced by this recombinant allowed live imaging of ODVs by fluorescence microscopy to follow infection of midgut epithelial cells. Such a fluorescent AcMNPV virion system was first used for studying transduction of mammalian cells with BVs (Kukkonen et al., 2003) , and a comparable system with mCherry-tagged VP39 has been used to show that nuclear F-actin assists the transport of nucleocapsids in cultured insect cells (Ohkawa et al., 2010) . The difference from previously developed methods is our ability to occlude EGFP-tagged ODVs in OBs, so that oral infection can be studied in vivo or ex vivo, i.e. in isolated midgut epithelial cells. We also constructed EGFP-tagged viruses with deletions in the p74, pif1 and pif2 genes, and used live imaging to visualize the effect of these deletions on oral infectivity. From these studies, we conclude that P74 is the binding component of the PIF complex, whereas PIF1 and PIF2 function at the entry of ODVs into midgut epithelial cells.
RESULTS

AcMNPV with EGFP-labelled capsids
In order to develop a live imaging system to study the function of ODV envelope proteins, an EGFP-tagged virus was constructed starting from the WT AcMNPV bacmid (AcBac) (Luckow et al., 1993) (Fig. 1a) . The ORFs of egfp and the capsid protein gene vp39 were inserted as a fused ORF downstream of the p10 promoter in the pFBD-polh vector, which carries the polyhedrin (polh) ORF downstream of the polh promoter (Peng et al., 2010) , resulting in the pFBD-polh-egfp : vp39 plasmid (Fig. 1a, upper panel) . The expression cassette of pFBD-polh-egfp : vp39 was transposed to AcBac (Fig. 1a, lower panel) to generate the recombinant bacmid Ac-polh-egfp : vp39 (hereafter termed Ac-egfp : vp39), which encodes both fused (at the polh locus) and non-fused (at the vp39 locus) VP39. Transfection of Spodoptera frugiperda (Sf9) cells was successful and an infectious BV stock was obtained. In a similar way as described above, EGFP-tagged viruses were generated with a deletion of the p74, pif1 or pif2 gene, resulting in Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 and Ac-Dpif2-egfp : vp39, respectively (see Methods).
To determine whether the fusion of EGFP to the VP39 capsid protein affected the production of infectious BVs, a one-step growth curve analysis was performed. Sf9 cells were infected with Ac-egfp : vp39 or Ac-egfp (expressing non-fused egfp) at an m.o.i. of 10 TCID 50 per cell, and BV titres were determined at six time points using three biological replicates (Fig. 1b) . Only at the final time point of 72 h were the BV titres significantly lower for Acegfp : vp39 than for Ac-egfp, indicating that the fusion of EGFP to VP39 only slightly reduced the production of infectious BVs.
EGFP-tagged viruses produce OBs
Purified BVs of the recombinant viruses were visualized by fluorescence microscopy (Fig. S1 , available in the online Supplementary Material), indicating that the EGFP-VP39 protein is embedded in the virions during assembly, presumably in the nucleocapsid. Sf9 cells were infected with Ac-egfp or Ac-egfp : vp39, and OBs were observed in the nuclei of infected cells at 48 h post-infection (p.i.) (Fig.  S2 ). Nuclei were stained with Hoechst and the cells were analysed in a fluorescence microscope. The EGFP-VP39 fusion protein localized to the nucleus and was distributed in a banded pattern (Fig. 2) , whilst free EGFP was found distributed over both the cytoplasm and nucleus of Acegfp-infected cells. The nuclear localization of EGFP-VP39 corresponded with the known subcellular location of nucleocapsids and ODVs in later stages of infection. Sf9 cells were also infected with the pif mutants Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 and Ac-Dpif2-egfp : vp39. With all these viruses, the location of EGFP was similar to that of Ac-egfp : vp39 (not shown) and they all produced similar amounts of OBs (Fig. S2 ).
Biochemical data
To confirm the synthesis of the EGFP-VP39 fusion protein by the various recombinant viruses, Western blot analysis was performed (Fig. 3) . With a VP39-specific antibody (Fig. 3a, upper panel) , two proteins of different molecular mass were observed in Ac-egfp : vp39, Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 and Ac-Dpif2-egfp : vp39 infected cells (Fig. 3a , lanes 3-6). The protein of approximately 72 kDa corresponded to the EGFP-VP39 fusion protein. The other protein of approximately 39 kDa matched the molecular mass of non-fused VP39 and was also present in the Acegfp control (Fig. 3a, . This protein was present due to the fact that the original vp39 locus was intact in all viruses tested. The ratio of fused (EGFP-VP39) to nonfused VP39 was close to 1, based on blot scanning analysis using AlphaEase FC software. When using anti-EGFP antibody (Fig. 3a, central panel) , the 72 kDa protein was observed again for the recombinant viruses with EGFPtagged VP39 (Fig. 3a , lanes 3-6), confirming that this protein represents EGFP-VP39. The Ac-egfp virus was used as control for non-fused EGFP (27 kDa; Fig. 3a , lane 7). Antibodies against polyhedrin protein (Fig. 3a , lower panel) detected high amounts of this protein in all viruses tested (except Ac-gfp, which lacks a polh ORF), confirming that these viruses were capable of producing OBs, as was also observed by light microscopy (Fig. S2 ). Virus-specific proteins were lacking in mock-infected cells (lane 2).
To confirm that the PIF-deleted viruses were correctly constructed, appropriate antibodies were used to show the presence or absence of the respective PIF proteins in infected cell lysates (Fig. 3b ). Cells infected with Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 and Ac-Dpif2-egfp : vp39 showed no P74, PIF1 and PIF2, respectively, in Western blot analysis (Fig. 3b , lanes 4-6), as expected. All three proteins were detectable in the Ac-egfp control (Fig. 3b , lane 7) and absent in mock-infected cells (Fig. 3b, lane 2) .
Infectivity of EGFP-tagged viruses
To study the effect of egfp : vp39 fusion on infectivity of the recombinant viruses, larvae were infected with BVs by injection and with OBs by oral ingestion. Titres of BV stocks obtained from cell culture were normalized to 1610 9 TCID 50 units ml 21 and used to inject Spodoptera exigua fourth-instar larvae. Injection with Ac-polh virus (only nonfused VP39) or the Sf900II cell-culture medium served as positive and negative controls, respectively. At 6 days p.i., larvae exhibited 100 % mortality for all recombinant viruses (Fig. 4a) . The four recombinant viruses carrying EGFP-VP39 had the same level of mortality as the Ac-polh virus, indicating that BV infectivity was not affected by incorporating EGFP-VP39 and deletion of individual pif genes.
OBs of Ac-polh and all recombinants were normalized to 1610 8 OBs ml 21 and used for droplet feeding of thirdinstar larvae. As shown in Fig. 4(b) , Ac-polh and Acegfp : vp39 followed a similar mortality curve. Larvae began to die and liquefy at 5 days p.i. and mortality increased to 100 % at 12 days p.i. In contrast, larvae that orally ingested the pif-deletion viruses Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 and Ac-Dpif2-egfp : vp39 pupated. This finding was consistent with previous reports showing the requirement for these PIFs for oral infection (Fang et al., 2009; Faulkner et al., 1997; Kikhno et al., 2002; Nie et al., 2012; Ohkawa et al., 2005; Pijlman et al., 2003; Sparks et al., 2011) .
Fluorescence and infectivity of purified ODVs
OBs were purified from larvae that died from Acegfp:VP39 infection. From these OBs, ODVs were purified. Both OBs and ODVs were fixed on poly-L-lysine-coated glass slides and observed in a fluorescence microscope. As shown in Fig. 5 (upper panel), purified OBs, containing multiple ODVs with EGFP-labelled capsids, showed strong fluorescence. The ODVs purified from the OBs also showed strong fluorescence (Fig. 5, lower panel) . To determine the infectivity of the ODVs after purification, purified ODVs of Ac-egfp : vp39 were fed to 12 third-instar S. exigua larvae. All of the larvae died of infection, confirming that the ODVs maintained their infectivity after purification and could be used in assessing the entry into primary midgut epithelium cells.
Visualization of the essential role of PIF proteins in primary infection
To study the function of PIFs in the ODV infection process, a time-course analysis was carried out. Midgut columnar cells with microvilli were isolated from S. exigua fourth-instar larvae and overlaid with culture medium containing purified ODVs of Ac-egfp : vp39, Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 or Ac-Dpif2-egfp : vp39. Fluorescence images were then captured every 2 s over a period of 15 min with a confocal microscope. First, culture medium with a pH ranging from 7.4 to 11 was tested to establish which pH was most suitable for the ODVs to bind and enter the columnar cells using the Ac-egfp : vp39 virus. Fluorescent virus particles were found in the cytoplasm (Fig. S3) , indicating that the EGFP-labelled virus particles indeed entered the columnar cells. Optimal entry was obtained at a pH of around 9. At lower or higher pH values, virus binding and entry were less efficient (data not shown). For further experiments, a pH of 9.15 was used.
Ac-egfp : vp39 ODV particles bound to the microvilli (Fig. 6 ) and could be observed there for time periods of 2 to 90 s before they disappeared from the cell surface (Video S1). Their disappearance was not due to bleaching of the fluorescence signal, as bleaching of EGFP-labelled ODVs usually took more than 7 min. Most probably, the ODVs had entered the cell and then moved out of the focal plane. In contrast to Ac-egfp : vp39, p74-deleted viruses showed no binding to the microvilli during 15 min of observation ( Fig. 7 and Video S2), which is visual evidence that P74 mediates ODV binding. Time-course analysis of the PIF1-deleted virus showed that the ODVs of this mutant did bind to the microvilli ( Fig. 7 and Video S3). The nucleocapsids remained visible at the cell surface until the fluorescence signal bleached, but the ODVs did not enter the cells, which was distinct from the behaviour of Ac-egfp : vp39. The PIF2-deleted virus showed a similar result to that of the PIF1 deleted virus ( Fig. 7 and Video S4). These data suggested that, without PIF1 or PIF2, ODVs are still capable of binding to the microvilli, but they fail to enter the cells.
DISCUSSION
In this study, WT and PIF-deletion mutants were produced for AcMNPV with EGFP fused to the VP39 nucleocapsid protein in order to study the oral infection process ex vivo. Recombinant AcMNPV equipped with both vp39 and egfp : vp39 ORFs expressed both proteins in similar amounts and these proteins were embedded in the virions during assembly. In this way, fluorescent BVs were generated, as expected based on other studies (Kukkonen et al., 2003) , as well as fluorescent ODV particles, to study the oral infection process. BV particles from all recombinants were infectious to larvae, as shown in cell culture and by in vivo injection assays. The 'WT' Ac-egfp : vp39 virus was infectious per os to larvae. The mutants produced normal OBs but were unable to infect insect larvae orally. The importance of PIF proteins in oral infection of AcMNPV has been shown in previous studies, and deletion of any of these pif genes blocked the oral route of infection (Fang et al., 2009; Faulkner et al., 1997; Kikhno et al., 2002; Nie et al., 2012; Ohkawa et al., 2005; Pijlman et al., 2003; Sparks et al., 2011) . PIFs are apparently involved in the early infection events of ODVs, e.g. ODV binding and fusion to midgut cells, but suitable tools for detailed in vivo studies of these functions were still Live imaging of baculovirus midgut infection not available. Here, we demonstrated that fluorescently labelled ODVs of baculoviruses are effective tools for direct visualization of the functions of ODV membrane-associated PIF proteins to complement and extend the biochemical and genetic approaches that have been used so far. The ex vivo approach using isolated midgut epithelial cells supports ODV infection under near-natural conditions.
Time-lapse confocal microscopy and live cell-imaging techniques are appropriate tools to study infection dynamics over longer periods of time. The followed approach revealed that ODVs with a deletion of p74 were not able to bind to microvilli. However, when pif1 and pif2 were deleted, the ODVs were still able to bind to the microvilli of the columnar midgut epithelial cells. This indicates that P74 is critical for binding, whilst PIF1 and PIF2 are not. This is in agreement with the findings of Ohkawa et al. (2005) , who studied ODV binding quantitatively using an octadecyl rhodamine B chloride (R-18) dequenching assay and found reduced binding of PIF1 and PIF2 deletion mutants to midgut cells.
Our findings using live cell imaging of baculovirus infection of midgut epithelial cells are consistent with results reported by Peng & colleagues (2010) , who showed using a genetic and biochemical approach that a stable core complex, formed by PIF1, PIF2 and PIF3 proteins, is present on the ODV envelope, and that deletion of any of these PIFs inhibits complex formation and abolishes oral infectivity. P74 is loosely attached to the complex, and deletion of this PIF had no effect on formation of the PIF1-PIF2-PIF3 complex (Peng et al., 2010) . P74 is known to still be present on the ODV envelope in a PIF1-deletion mutant (Peng et al., 2010) , and thus in the absence of the PIF complex. Combined with the current data, this shows that, even in the absence of this complex, P74 can mediate binding of ODVs to an as-yet-elusive receptor on the microvilli of midgut epithelial cells. It is not known to which other PIF P74 binds, but a complete PIF complex is essential for a successful baculovirus infection per os.
The infectivity data together with the strong fluorescence signal observed in BVs, OBs, ODVs and infected cells show that EGFP-VP39 is an effective nucleocapsid marker that does not influence the integrity, infectivity and pathology of recombinant baculoviruses. Such a virus in combination with pertinent PIF mutations can be used in visualizing different steps of the entry process in vivo. EGFP-tagged nucleocapsids form a more flexible tool for studying binding, fusion and downstream processes than dequenching assays that make use of the fluorescent membrane marker R-18. The latter tool solely shows fusion of the ODV and cell membrane, and does not allow recording of the dynamics of baculovirus entry. In addition, the infectivity of R-18-labelled ODVs appears to be lower than that of unlabelled viruses (Haas-Stapleton et al., 2004) . The EGFP-VP39 displaying system is an important tool to study the mechanism of ODV entry into midgut epithelial cells.
METHODS
Cells, insects and viruses. Sf9 cells were cultured in SF900II medium (Invitrogen) with 5 % FBS (Gibco-BRL) and 0.1 % gentamicin (Invitrogen) at 27 uC. S. exigua larvae were reared on an artificial diet at 27 uC with a 16 : 8 light : dark photoperiod and 40 % humidity. Bacmid-derived AcMNPV recombinant viruses with the egfp ORF inserted downstream of the p10 promoter (Ac-egfp; Peng et al., 2007) or the polh ORF located downstream of the polh promoter (Ac-polh) were used as controls (Peng et al., 2010) .
Construction of WT and pif-deletion viruses with EGFPlabelled VP39. A pFBD-polh-egfp : vp39 vector was constructed, which encodes a fusion protein in which EGFP is fused to the N terminus of the major capsid protein, VP39. The starting material for this construction is the pFBD-polh vector (Peng et al., 2011) , which was derived from the pFastBac-Dual vector (Invitrogen) by inserting the AcMNPV polh ORF downstream of the polh promoter between the EcoRI and PstI restriction sites. The egfp-vp39 fusion ORF was cloned downstream of the p10 promoter in pFBD-polh. To this aim, the egfp ORF was PCR amplified with the primers EGFP-F (59-TCCCCCGGGACCATGGTGAGCAAGG-39) and EGFP-R (59-CT-AGCTAGCCTTGTACAGCTCGTCCAT-39) with Phusion polymerase (Finnzymes) using the pEGFP-N1 vector (GenBank accession no. U55762) as a template. The egfp PCR product was digested at primerintroduced SmaI and NheI restriction sites (underlined in primer sequences above) and inserted between the corresponding sites of the pFBD-polh vector, resulting in the pFBD-polh-egfp vector. The vp39 ORF was PCR amplified using the AcMNPV bacmid (bMON14272; Luckow et al., 1993) as a template. NheI and SphI sites (underlined) were introduced by the primers VP39-F (59-CTAGCTAGCAAT-ATGGCGCTAGTGCC-39) and VP39-R (59-ACATGCATGCTTAG-ACGGCTATTCCTCCA-39) and used to clone the vp39 ORF downstream of the egfp ORF in pFBD-egfp, resulting in the pFBDpolh-egfp : vp39 vector (Fig. 1a) . The constructs were verified by sequence analysis.
Bacterial DH10b cells (Invitrogen) containing the AcMNPV bacmid bMON14272 and helper plasmid (pMON7124) (Luckow et al., 1993) were transformed with the pFBD-polh-egfp : vp39 vector by electroporation, following the Bac-to-Bac transposition protocol (Invitrogen). To construct pif-deleted viruses with EGFP-labelled capsids, the Ac-Dp74 (Peng et al., 2011) , Ac-Dpif1 and Ac-Dpif2 (Peng et al., 2010) bacmids were recombined with the pFBD-polhegfp : vp39 vector by transposition, resulting in, respectively, AcDp74-egfp : vp39, Ac-Dpif1-egfp : vp39, and Ac-Dpif2-egfp : vp39. The resulting bacmids were analysed by PCR using M13 forward (59-TAAAACGACGGCCAG-39) and reverse (59-CAGGAAACAGCTA-TGAC-39) primers, and also M13 forward and gentamicin-specific (59-AGCCACCTACTCCCAACATC-39) primers to confirm the insertion of the polh-egfp : vp39 fragment.
Cell transfection and fluorescence microscopy assay. Sf9 cells were seeded at a density of 0.5610 6 cells ml 21 in six-well plates in SF900II medium (Invitrogen) in 2 ml with 5 % FBS and 0.1 % gentamicin. After overnight incubation at 27 uC, the medium was replaced by non-supplemented Grace's insect medium (Sigma). The cells were transfected with 1 mg recombinant bacmid DNA of Acegfp : vp39, Ac-Dp74-egfp : vp39, Ac-Dpif1-egfp : vp39 or Ac-Dpif2-egfp : vp39, using Cellfectin II reagent (Invitrogen) and following standard procedures. After 4 h of incubation, the culture medium was replaced with SF900II medium with 5 % FBS and 0.1 % gentamicin. At 2 days post-transfection, cells were observed by fluorescence microscopy (IX71; Olympus). At 4 days post-transfection, BV suspensions were harvested by collecting the culture medium. Cell debris was removed by centrifugation at 3000 g for 5 min, and the supernatants were passed through a 0.45 mm filter and stored at 4 uC until further use.
BV amplification and purification. Sf9 cells were seeded at a density of 1610 6 cells ml 21 in T75 flasks and infected with an m.o.i. of 0.5 TCID 50 per cell. At 7 days p.i., BVs were collected as described above. The filtered BV-containing culture medium was centrifuged at 75 000 g for 60 min at 4 uC to purify the BVs. The BV pellets were resuspended in TE buffer (1 mM Tris/HCl, pH 7.4, 0.1 mM EDTA) and centrifuged through a 25-70 % (w/w) continuous sucrose gradient at 100 000 g (Beckman SW41) for 90 min at 4 uC. The BVs were collected with a Pasteur pipette, diluted in PBS and collected by centrifugation at 15 000 g (Beckman SW41) for 20 min at 4 uC. The BV pellets for the various viruses were suspended in 200 ml PBS and stored at 4 uC until use.
Growth curves. Sf9 cells were seeded at a density of 0.05610 6 cells ml 21 in 24-well plates and infected with the various viruses (m.o.i. of 10 TCID 50 per cell) for 1 h after which the inoculum was removed. Cells were washed twice with culture medium after which fresh medium was added. At 0, 12, 24, 36, 48 and 72 h p.i., culture medium samples were taken from three individual wells. The BV titre of each sample was determined by end-point dilution assays. Student's t-test was used to compare the BV titres at the measured time points.
Western blot analysis. Cells infected with the different recombinant viruses at an m.o.i. of 10 TCID 50 per cell were harvested at 3 days p.i. by centrifugation at 2000 g for 5 min. The cells were resuspended in lysis buffer (10 mM Tris/HCl, pH 8.0, 130 mM NaCl) with Protease Inhibitor Cocktail tablets (Roche), after which 46 Laemmli buffer was added. After denaturation for 10 min at 95uC, the samples were analysed by 12 % SDS-PAGE. Proteins were transferred to PVDF membrane (Millipore) by semi-dry transfer (Bio-Rad). After blocking in 2.5 % fat-free milk in TBS buffer (137 mM NaCl, 20 mM Tris/HCl, pH 7.6) overnight at 4 uC, the membranes were incubated with different primary antibodies: mouse monoclonal anti-VP39 (1 : 1000; a gift from Robert M. Kotin (University of Maryland, USA)), rabbit anti-EGFP Ab (1 : 2000; Sigma), rabbit polyclonal anti-polyhedrin (1 : 1000) and anti-P74 (1 : 1000) (Peng et al., 2011) , and rat polyclonal anti-PIF1 (1 : 2000) and anti-PIF2 (1 : 1000) (Peng et al., 2010) . Subsequently, the membranes were incubated with antimouse, anti-rabbit or anti-rat antibodies conjugated to alkaline phosphatase. The results were visualized in 10 ml alkaline phosphatase buffer (0.1 M NaCl, 0.1 M Tris/HCl, pH 9.5, 5 mM MgCl 2 ) containing 200 ml nitro blue tetrazolium/BCIP (Roche).
In vivo infectivity assays. The various recombinant BV virus stocks were concentrated to 1610 9 TCID 50 ml 21 and 10 ml was injected per S. exigua larvae (fourth instars) with a microinjector (BD Micro-Fine insulin). SF900II medium with 5 % FBS and 0.1 % gentamicin was used as a negative control. Each group contained 30 larvae and these were placed individually in wells of 12-well plates with an artificial diet. The injected larvae were monitored once a day for mortality, until all IP: 54.70.40.11
On: Fri, 15 Feb 2019 21:37:22 larvae were dead or had pupated. Larvae that died within 2 days due to injection procedures were removed from the experiment.
Per os infectivity assays. The OBs of WT and the various pifdeleted viruses were purified from the larvae that died after injection of BVs. OBs were suspended at a concentration of 1610 8 OBs ml 21 in 10 % sucrose with blue dye (Patent Blue V Sodium Salt; Fluka). Larvae were selected at the late L2 stage, and starved for 16 h, during which they moulted to the early L3 stage. Newly moulted L3 larvae were infected by droplet feeding using standard methods. Each virus group contained 36 larvae, and a group that received only 10 % sucrose with blue dye served as a control. The larvae were monitored once a day for mortality, until all larvae were dead or had pupated. Larvae that died within three days from the infection were discounted.
ODV purification. To isolate ODVs, OBs were purified from infected larvae. To this aim, S. exigua fourth-instar larvae were injected with BVs at a density of 10 9 BVs ml
21
. Larvae that died from virus infection were ground with a mortar. The suspension was sonicated twice on ice at an output of 6-7 for 5 min with a Brandson sonifier, filtered over two pieces of cheesecloth and centrifuged at 15 000 g (Sorvall GSA) for 20 min at 4 uC. The pellet was rinsed twice with water and the OBs were resuspended in TE buffer. The suspension was layered onto a 25-70 % (w/w) continuous sucrose gradient and centrifuged at 15 000 g for 1 h at 4 uC. The OB layer was collected, diluted with water and centrifuged at 15 000 g for 20 min at 4 uC. The purified OBs were resuspended in TE buffer and stored at 4 uC. To liberate the ODVs, the OBs were incubated for 15 min at 37 uC in DAS buffer (0.1 M Na 2 CO 3 , 166 mM NaCl, 10 mM EDTA, pH 10.5). The suspension was neutralized with 1/10 vol. 0.5 M Tris/HCl (pH 7.5). Non-dissolved OBs and other debris were removed by centrifugation at 2000 g for 5 min, after which the ODV suspension was layered onto a 25-65 % (w/w) continuous sucrose gradient and centrifuged at 100 000 g for 90 min at 4 uC. The ODV layer was collected, diluted with PBS and centrifuged at 15 000 g for 20 min at 4 uC. The pellet with the ODVs was resuspended in PBS and stored at 4 uC.
Midgut cell isolation. Isolation of cells from the midgut was performed following the methods reported by Hakim et al. (2009) . In short, S. exigua fourth-instar larvae were sterilized by subsequent cleaning steps of 10 s: twice in 1 % SDS, 0.01 % methyl-4-hydroxybenzoate, and twice in 0.01 % NaOCl. The sterilized larvae were kept on ice in sterile Petri dishes until dissection. Dissection was performed in PBS with 0.003 % NaOCl. The middle part of the larva was isolated by cutting from the first pair of thoracic legs to the second pair of abdominal prolegs. The midgut was pulled out and an incision was made transversally. The gut content and the peritrophic membrane were removed carefully under a binocular microscope using tweezers. The midgut was rinsed twice in PBS with 0.003 % NaOCl, and twice in PBS with gentamicin (0.1 mg ml 21 ; Sigma) and antibiotic antimycotic solution (0.01 % (v/v); Sigma). The midgut was transferred to an Eppendorf tube containing PBS with collagenase (2 mg ml 21 ) and stirred at 27 uC for 1.5 h. The final suspension was passed through a 70 mm mesh cell strainer (BD Biosciences) and centrifuged at 400 g for 6 min at room temperature. The cells were gently resuspended in 200 ml PBS and seeded in wells of a chambered coverslip (m-Slide 8 well; Ibidi).
Time-lapse imaging to visualize ODV entry into primary midgut cells by confocal microscopy. The freshly isolated primary midgut cells were kept in the chambered coverslips for 15 min at 4 uC. Fifty microlitres of pre-cooled ODVs was added and the cells were incubated for 30 min at 4 uC, allowing virus adsorption onto the surface of the midgut cells. A pH range between 7.4 and 11 was tested. After incubation, the cells were observed immediately at room temperature under a confocal microscope (Zeiss-LSM510), which was equipped with a 660 oil objective and images were taken every 2 s for 15 min. The process of binding and entry was investigated by making Z-stacks of complete cells with 0.45 mm optical slices. The images were analysed by LSM510 MATE software.
